Hurricane Sandy, the worst storm of its type hitting the state of New Jersey and the New York City in generations, has caused devastating damages to the region's infrastructure, properties, and business. A variety of geospatial information acquisition technologies have been used after the landing of Hurricane Sandy to support critical decision makings related to search and rescue, damage assessment, environmental risk analysis, debris removal, and rebuilding processes. The challenge is to match the best sensing method to the desired post-disaster applications. This paper described the first large-scale application of mobile terrestrial laser scanning technology in post-hurricane situations for supporting disaster recovery operations in the United States. Several innovative data analysis approaches for supporting damage assessment and flood resilience analysis are presented in the paper. Opportunities and challenges in using mobile terrestrial laser scanning to support post-disaster recovery operations are discussed to highlight future research directions.
INTRODUCTION
Hurricane Sandy, a historical storm of its type to hit the New York-New Jersey metropolitan area in generations, has caused devastating flood and wind damages to the region's properties, infrastructure, and business. In the Northeast, hurricanes are not typical weather events -coupled with the region's dense population and intricate transportation network, Sandy's lasting devastation is considered second only to the damage caused by Hurricane Katrina. Indeed, natural disasters, such as Hurricane Sandy, spurred growing concerns in the United State about managing the aging transportation infrastructures as weather systems become increasingly aggressive and natural disasters become more frequent (Karl et al. 2009 ). Natural disasters pose significant threats to the integrity of transportation infrastructure, and stress emergency response organization's capacity. As today's emergency response operations become more reliant on geospatial data, rapid and affordable acquisition of time critical post-disaster geospatial information becomes increasingly critical. Geospatial data also plays a central role in assisting infrastructure stakeholders in understanding the risks facing their assets, such that they can prioritize mitigation, repair, and restoration activities.
This study was conducted with two objectives: (1) evaluating the potential of a high-resolution 3D remote sensing method, mobile LiDAR (light detection and ranging), for post-disaster geospatial data collection; and (2) developing new mapping approaches for assessing hurricane damage and visualizing rebuilding needs. In a previous paper , we described the type of damage data collected in our post-Sandy mobile mapping study and briefly overviewed the engineering applications of the mobile LiDAR data. This paper compares mobile LiDAR with other remote sensing technologies, describes the planning and execution of a mobile LiDAR mapping study in the Sandy-impacted areas, and the development of several new mapping approaches that can turn mobile LiDAR data into valuable information for emergency response organizations and infrastructure stakeholders.
RESEARCH BACKGROUND

Post-Disaster Remote Sensing Technologies
The types of remote sensing data that are useful and available at the early phase of post-disaster response include aerial photo imagery and LiDAR imagery. These data are primary spatial data sources used in many post-disaster studies (Li et al. 2008; Masoka and Yamazaki 2004; Eguchi et al. 2010; Kerle and Oppenheimer 2002; Schweier et al. 2005; Steinle et al. 2001; Womble et al. 2008) . Infrared, hyperspectral, and radar imagery may also be useful since they complement characteristics of images captured in other portions of the spectrum. The systems used for collecting aerial imagery and lidar data often consist of cameras and multi-return lidar sensors mounted on an airplane whose positions and orientations are precisely tracked by fusing data from the onboard GPS and Inertia Measurement Unit (IMU). Airborne topographic lidar uses scanning lasers at pulse rates that can exceed 100k/second to produce dense (>1/square meter), high accuracy (~0.1m vertical) point clouds along 300-600m-wide swaths at forward speeds around 100knots.
Compared to other remote sensing data, lidar data provides a relatively accurate, detailed representation of terrain and permits mostly reliable separation of vegetation from terrain, a capability unique among competing remote sensing instruments (Campbell and Wynne 2011) . Because state and federal agencies have made lidar data collection a priority, post-storm lidar collection is now routine after large surge events, and because vast amounts of data are now freely available online (e.g. NOAA's Digital Coast) it is now possible to use these online data as the baseline for assessing damages. Recent studies have focused on methods for automated extraction of building features from airborne LiDAR data set for postdisaster damage assessment Forlani et al. 2006; Labiak 2011; Rehor et al. 2008; Womble et al. 2007; Sohn and Dowman 2007) .
Airborne remote sensing has its limitations. The accuracy and resolution of airborne data is typically lower than many ground-based remote sensing technologies. Many building structure evaluation and environmental assessment tasks require high accuracy geospatial data. The best absolute vertical accuracy that can be guaranteed from current technology is 15 cm root mean squared error (RMSE), and the horizontal accuracy is 10 to 100 cm RMSE (Barnwell 2009 ). The airborne LiDAR data can be used to generate a relatively accurate terrain model, but falling short of detecting movement of infrastructures and assets. Because the 15 cm measure accuracy of LiDAR data is likely greater than the extent of erosion, in most cases erosion would not be reliably identifiable. In addition, airborne LiDAR data are sparse (1-10 points/m 2 ), therefore, they may have limited or no data return on infrastructure itself, leading to difficulty in detecting the displacement of infrastructures or nearby features. Third, the 15 cm vertical and 10-100 cm horizontal measure accuracies render airborne LiDAR impractical for accurately detecting movement of pipelines and their surrounding structures.
Unmanned Aerial Vehicle (UAV) systems are emerging airborne sensors that provide imagery at a lower cost than large-scale manned airborne systems. Currently, applications of UAV systems in U.S. are limited by FAA regulations. UAVs have been used to capture images, which can be used to generate point clouds for quantifying terrain changes. However, this is limited to areas with no vegetation cover. In this regard, multi-return LiDAR sensors can penetrate canopy covers and allow reliable separation of bare earth from canopy covers. UAV-based LiDAR systems are still in the early stages of development and suffer from very short flying time (Wallace et al. 2012) .
Recently, static terrestrial laser scanning has been applied for assessing earthquake and tornado damages (Olsen et al. 2010; Graettinger et al. 2012; Geranmayeh and Grau 2013; Gupta and Grau 2012) . However, the mobility of static terrestrial laser scanning is too low to cover large disaster areas. Mobile LiDAR (Laser Detection and Ranging) is a growing remote sensing technology that has been used to collect geospatial data along highway systems for asset management applications (Gong et al. 2012; Graham 2010; Vinent and Ecker 2010; Yen et al. 2011; Jalayer et al. 2013 ). Transportation agencies have been actively seeking a technology deployment standard for mobile LiDAR applications (Olsen et al. 2013) .
A mobile LiDAR system often consists of cameras and multi-return LiDAR sensors mounted on a vehicular platform whose positions and headings are precisely tracked by fusing data from the onboard GPS and an Inertia Measurement Unit (IMU). The LiDAR sensors typically incorporate lasers that operate at pulse rates up to 1 million Hz, producing dense and highly accurate point clouds along 200-400m-wide swaths; collected at forward speeds of approximately 10-50 MPH. In combination with the laser scanning, imagery is acquired by several digital cameras. The digital camera system is calibrated to the center of the scanner. The system can be mounted on a variety of platforms including road, rail, and marine vehicles. Compared to other remote sensing data such as airborne LiDAR, mobile LiDAR data provides a highly accurate, detailed representation of terrain.
Commercially-available MTLS systems can be classified into two types of systems: mapping-grade and survey-grade systems. Mapping-grade systems are used for mapping and inventory applications, providing absolute and relative accuracy in the range of 1 foot and 0.1 foot respectively. Survey-grade systems can produce 0.1 foot absolute accuracy. The system's absolute accuracy refers to the position accuracy of a point in a point cloud in a global coordinate system such as elevation datum, and the relative accuracy refers to the position accuracy of a point relative to other neighbor points. Among the most common LiDAR sensors used in survey-grade MTLS systems are Optech Lynx, Riegl VMX-250, and Trimble MX8. The exact accuracy of LiDAR data varies from system to system. Mobile LiDAR is designed for collecting engineering or survey grade LiDAR data over large areas that would be impractical with static LiDAR sensors, but require an accuracy and resolution that exceed airborne technologies. Hurricane Sandy caused damage so widespread that it overwhelmed the capacity of traditional surveying methods. The use of mobile LiDAR in such a post-disaster scenario is a very logical choice. Due to the cost, the use of mobile LiDAR for disaster response and recovery is uncommon and related research literature is scarce. The purpose of this research is to explore the potential of mobile LiDAR -a land-based remote sensing method, to support damage and vulnerability assessment process.
POST-SANDY MOBILE LIDAR FIELD DATA COLLECTION
Field Data Collection
The post-Sandy mobile LiDAR data collection was conducted between December 5 and December 9, 2012. The areas of interest for this study are distributed along Staten Island and Rockaway of New York and the Jersey Shorelines. The areas of particular interest to us along the New Jersey shorelines are: (1) Seaside Heights; (2) Normandy Beach; (3) Ortley Beach; and (4) Mantoloking; all of them are among hardest hit areas in this storm.
The system used in this study is an Optech LYNX Mobile Mapper M1 system. The LYNX system relies on two 500 kHz LiDAR sensors to collect a million points per second while maintaining survey grade quality precision. The LYNX M1 field of view is 360 degrees (without obstructions) which includes a Real-Time Point Cloud (RTPC) interface, an on-the-fly tool to see the swath of data being collected for field verification. Without ground control points but with a mobile base station, the Optech system is capable of obtaining LiDAR data sufficient for feature extraction of planimetric and topographic features typically at an absolute accuracy of +/-10cm @ 1 σ in good GPS coverage areas and an relative accuracies of +/-5cm @ 1 σ anywhere within the project area. The collected LiDAR data obtained will consist of but not limited to X coordinate, Y coordinate, Z coordinate, GPS time, return number, and intensity value.
Due to the importance of imagery to this study, the data collection was mostly conducted during the daytime from 9:00AM -4:00PM. While it is certainly possible to collect data starting at 7:00AM, the sunlight during the time period of 7:00AM to 9:00AM often saturates the cameras' lenses system due to the sunlight angle. Also, in the winter, the daylight time is very short -after 4:00PM, it is too dark to collect any good quality imagery. The busy traffic in the city like New York also has considerable impact on data collection. Last, but not the least, GPS outage is very frequent in the data collection area because trees and buildings constantly block GPS signals. Without the line of sight of 6-7 GPS satellites, the position of the vehicle cannot be reliably calculated. The data collection crew has to stop the data collection van very frequently in order to reestablish connections to GPS satellites. The combination of these factors created significant constraints to efficient mobile LiDAR data collection. According to our time logging record, the daily data collection rate is approximately 20 miles, which is lower than a normal rate of 30 miles per day in densely populated urban areas. It is important to recognize that the data collection crew has to drive most of the roadways in both directions in order to get dense data for both directions. Therefore, 30 miles per day typically means 50-60 miles of driving distance.
HURRICANE DAMAGE ASSESSMENT
The high-resolution, three-dimensional images generated by mobile LiDAR can be used to create a virtual reality of the damaged communities. A similar approach has been used with airborne LiDAR data (Cowgill and Bernardin 2012) . Traditional post-hurricane damage assessment is a foot-on-ground house by house approach according guidelines such as ATC-45 Field Manual: Safety Evaluation of Buildings after Windstorms and Floods. Several types of evaluations including rapid safety evaluation, detailed safety evaluation, and engineering evaluation will be performed on buildings and residential homes to determine whether the structure is safe for re-occupancy. These evaluations are typically performed in different time periods after a disaster strikes. Often the decisions on structure safety are difficult to make since little quantitative information about the extent of damages is available. Most of the damage data are data merely done by visual estimation without any precise measurement. The availability of 3D mobile LiDAR data can potentially change these common ways of damage assessment.
Change Detection
In general, damage assessment with 3D mobile LiDAR data can be done using change detection at different scales. At a larger scale, change detection can be performed on large blocks of LiDAR data to identify damaged structures. Using New Jersey's Ortley Beach as an example, we used pre-disaster airborne LiDAR data (Figure 1) as the baseline and post-disaster mobile LiDAR data (Figure 2) as the postevent data. We generated Digital Terrain Models (DTM) from the pre-and post-event data, then performed change detection on the generated DTMs. Figure 6a shows the change detection results. By examining the change detection results, houses that were 100% damaged can be readily identified (the red parts in Figure 3a) . Furthermore, due to the higher spatial resolution provided by mobile LiDAR data, a zoom-in view of change detection results can reveal partially damaged structures, structure movement, and terrain change at a resolution that is not possible with using airborne LiDAR data alone (Figure 3b) . 
Visualization of Resiliency Rebuilding Requirements
In the aftermath of Hurricane Sandy, FEMA released new Advisory Base Flood Elevation (ABFE) maps for many parts of Jersey Shoreline Communities. These new ABFEs are released in the hope of assisting shoreline communities to build stronger and more resilient structures in the face of future storm events. These ABFEs will have profound impact on the cost of flood insurance for residents living in the flood zone. However, to meet the new ABFE, houses have to be elevated; roads have to be rebuilt; and utilities have to be adjusted. The adoption of the new ABFE incurs significant but unknown cost. For many shoreline residents, the risk and the extent of future flooding to their homes are not clear; the benefits of elevating their houses cannot be fully appreciated. Also, the tradeoff between flood insurance cost and mitigation measures is uncertain. Mobile LiDAR offers an opportunity to scan buildings and other infrastructure at ground level, and to overlay the new Advisory Base Flood Elevation (ABFE) maps on the converted visual digital data to better understand the extent to which they should be raised to prevent future flooding. Incorporating effective resiliency measures into the rebuilding of critical infrastructure and housing is a high priority, as will choosing the most cost-efficient investment strategy across the impacted area.
In this study, we used canopy classification methods include, but are not limited to classifying points by height from the ground and depicting them visually by color, to overlay geospatially accurate digital copies of the recently released FEMA-NJ State Advisory Base Floor Elevation (ABFE) maps onto to the local streets and homes, businesses and infrastructure that were captured in the mobile scans. The results visually projected the location of the advisory minimum first floor elevation on the exterior of existing buildings and over other types of infrastructures. For example, Figures 4 -6 displayed LiDAR data for a residential community in Rockaway, NYC and one of its vital transportation links (Crossbay Bridge). The new 100 year flood elevation plane was overlaid on these LiDAR data for visual identification of the future risk of flooding to individual homes (Figure 6 ), the community, and its transportation link. These visual representations are a clear and powerful risk communication means. This new approach of visualizing and analyzing mobile LiDAR data provides city planners and transportation agencies with a great visual tool to understand the vulnerability of communities and transportation infrastructures and the resiliency rebuilding needs. 
CONCLUSION
This research explored the utility of Mobile LiDAR for supporting post-Sandy recovery operations. Mobile LiDAR collected data at a resolution and an accuracy that cannot be achieved by airborne remote sensing technologies. While the analysis of the collected LiDAR data is still a largely ongoing processing, the preliminary study shows mobile LiDAR data facilitates the development of new ways of damage assessment and flood risk visualization. Compared to traditional approaches of damage assessment and flood visualization, the results of our proposed approaches are visual, quantitative, and informative, such that better decisions can be made due to the availability of such information. Specifically, these new approaches of LiDAR data processing provide information that is critical to structure safety evaluation and flooding vulnerability analysis. Of particular note is that our proposed approach of using mobile LiDAR data to depict the impact of new FEMA ABFE requirement can aid residents to better understand the flooding risk they are facing. By providing this information, homeowners can design, and the county can approve, construction which takes into consideration FEMA modeling of flood risk zones. Therefore, the results of this research will have immediate impacts on decision makings on how to build resilient shoreline communities in a cost-effective way.
